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Regulation of Transcription by 
a Protein Metliyltransf erase 

Dagang Chen,"" Han Ma,^ Heng Hong,"" Stephen S. Koh/ 
Shih-Ming Huang,'' Brandon T. Schurter,^ Dana W. Aswad,^ 
Michael R. Stallcup^* 

The p160 family of coactivators, SRG-1, GRIP1/TIF2, and p/CIP, mediate tran- 
scriptional activation by nuclear hormone receptors. Coactivator-associated 
arginine methyitransferase 1 (CARM1), a previously unidentified protein that 
binds to the carboxyl-terminal region of pl60 coactivators, enhanced tran- 
scriptional activation by nuclear receptors, but only when GRIP1 or SRC-la was 
coexpressed. Thus; CARM1 functions as a secondary coactivator through its 
association with p160 coactivators, CARM1 can methy late histone H3 in vitro, 
and a mutation in the putative S-adehosylmethionine binding domain of CARM1 
substantially reduced both methyitransferase and coactivator activities. Thus, 
coactivator-mediated methylatlon of proteins in the transcription machinery 
may contribute to transcriptional regulation. 



Nuclear hormone receptors (NRs) are a related 
group of hormone-regulated transcriptional ac- 
tivators that includes the receptors for steroid 
and thyroid hormones, retinoic acid, and vitamin 
D (7). Transcriptional activation by NRs is me- 
diated by the NR (or pl60) coactivators, a fam-\ 
ily of three related 160-kD proteins that includes 
SRC-1, GRIP1/TIF2, and pCIP/RAC3/ACTR/ 
AIBIATIAMI (2). Transcriptional coactivators 
locally modify chromatin structure and help to 
recruit an RNA polymerase n transcription ini- 
tiation complex to the gene promoter (2, 3). The 
COOH-terminal AF-2 activation ftmctions of 
NRs bind to pl60 coactivators at multiple NR 
box motifs containing the sequence LXXLL 
(where L is leucine and X is any amino acid), 
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located in the central region of the pl60 
polypeptide (2) (Fig. 1). The NHj-teiminal 
AF-1 activation functions of some NRs bind the 
COOH-terminal region of pl60 coactivators {4- 
6), The activating signal * received fiom the 
DNA-bound NRs. by the pi 60 coactivator is 
transmitted to the transcription machinery by 
activation domains ADl and AD2 of the pl60 
coactivators. ADl binds CREB binding protein 
(CBP) or the CBP-related protein p300, which 
help to activate transcription because tiiey con- 
tain a histone acetyltransferase (HAT) activity to 
modify chromatin structure; CBP and p300 also 
associate with other coactivators like p/CAF, 
which also contains HAT activity, and bind 
components of the basal transcription machin- 
ery (7, 5). We recently demonstrated that AD2, 
a second putative AD located in the COOH- 
terminal region of pl60 proteins (7, P), plays an 
important role in pi 60 coactivator function (6), 
To understand the mechanism of downstream 
signaling by AD2, we sought to identify pro- 
teins that interact physically and functionally 
with this domain. . 
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Fig. 1. (A) Functional 
domains of p160 coacti- 
vators. Donnains of 
GRIP! are shown (9). 
bHLH, basic-helix-loop-, 
helix sequence; PAS, 
Per-Amt-Sim domain 
(20); CID, CBP Interac- 
tion domain; AD, artiva- 
tion domain; vertical 
bars. NR boxes (LXXLI 
sequences); numbers, 
position of GRIP! amino 
adds. (B) CARMl amino 
add sequence, predict- 
ed from the cDNA se- 
quence. The region of 

highest homology between CARM1, three other mammalian protein arginine 
methyltransf erases, and one yeast protein arginine methyltransf erase (73, 
27) is aligned with dashes representing the same amino acid as in CARMl and 
dots representing spaces inserted for optimum alignment Amino adds 143 to 
457 of CARMl share 30% identity with hPRMTI and yODPI. The location of 
a VLD-to-AAA substitution used in these studies is indicated. Abbreviations 
for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Clu; F, Phe; 
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[^^-CARM1 



i-^^actin 



B 

CARMl 1 MAAAAATAVGreAOdAGVAGPGGAGPCATVSVFPGARLLTIGDANGEIQRHAEQQALRLE 

61 VRAGPDAAGIALYSHEDVCVFKCSVSRETECSRVGRQSFIITLGCNSVLIQFATPHDFCS 
121 FYNILKTCRGHTLERSVFSERTEESSAVQYFQFYGYLSQQQNMMQDy 167 

AAA 

1*62 CARMl ■ 168 VRTGTYORAILQNHTDFKDK ufeb jGCGSGILSFFAAQAG . ARKIYAVEASTMAQHAEVL 

hPRMTl 52 —L— RNSMFH-RHL V S-T— CM— -K— . —VIGI-C-SISDY-VKI 

hPRMT2 120 P~TK-ESV KESLT— VI T L-C-HYARP-AV E TGQ- 

hPRMT3 219 I — ES-RDF-Y— PHI— —V t— — M---K— . -K-VLG-DQ-EILYQ-MDI 

yODPl 41 LS-RN KDL—, T M KH- . -KHVIG-DM-SIIEM-KE- 

CARMl 227 VKSNNLTDRIWI PGKVEEVSLP . EQVDI IISEPMGYMLFNERMLESYLHAK . KYLKPSG 

hPRMTl 112 --A-K-DHWTl-K E— V-K- -W C-Y-S MTV RD-W-A-D- 

■ hPRMT2 IBO -LQ-GEA-I-T-yQQ— D-V— .-K--VLV— W— TC-LF-F-I — I-Y-RDAW—ED- 

hPRMT3 278 IRL-K-E-T-TL-K-L H— V-K— V F-LF-S--D-V-Y— N— -AKG- 

yODPl 100 -EL-GPS-K-TLLR-L--D-H--FPK- w— F-LY-S-MDTV-Y-RDH— VRG- 

CARMl 285 NMFPTIGDVHLAPFTDEQLYMEQFTKANFWYQPSFHGVDLSALRGAAVDEYFRQPWDTF ■ 
345 DIRILMAKSVKYTVNFLEAKEGDLHRIEIPFKFHMLHSGLVHGLAFWFDVAFIGSIMTVW , 
405 LSTAPTEPLTHWYQVRCLFQSPLFAKAGDTLSGTCLLIANKRQSYDISIVAQVDQTGSKS 
465 SNLLDLKNPFFRYTGTTPSPPPGSHYTSPSENMWNTGSTYNLSSGVAVAGMPTAYDLSSV 
525 lAGGSSVGHNNLIPLANTGIVNHTHSRMGSIMSTGIVQGSSGAQGGGGSSSAHYAVNNQF 
585 TMGGPAISMASPMSIPTNTMHYGS 608 . 

C, Cly: H, His; !, He; K, Lys; L, Leu; M, Met; N. Asn; P, Pro; Q, Gin; R, Arg; S, Ser; 
T, Thn V. Val; W, Trp; and Y. Tyr. (C) Expression of CARMl mRNA in various 
mouse tissues was examined by hybridizing a 1.7-kb Bam Hl-Bgl il cDNA 
fragment (representing CARM1 codons 346 to 608 and -0.9 kb of 3'- 
untranslated region) to a multiple-tissue Northern (RNA) blot (Clontech) 
as described (22). A human p-actin cDNA probe was used as control 
Positions of RNA size markers are shown on the left (in kilobases). 



By using the yeast two-hybrid system to 
screen a mouse 17-day embryo cDNA library, 
we isolated a cDNA clone encoding a 608- 
amino acid protein that bound to COOH-termi- 
nal amino acids 1121 to 1462 of GRIP 1 
(GRlPlc) UO). The central portion of the cod- 
ing region has extensive homology to a family 
of proteins with arginine-specific protein meth- 
yltransferase activity (Fig. IB). The protein, co- 
activator-associated arginine (R) methyltrans- 
ferase 1 (CARMl), has a 3.8-kb mRNA that 
was widely but not evenly expressed in adult 
mouse tissues (Fig. IC). CARMl, attached to 
agarose beads as a glutatluone ^'-transferase 
(GST) fusion protein, bound a labeled COOH- 
terminal GRIPl fragment synthesized in vitro, 
but did not bind protein fragments representing 
other parts of GRIPl (Fig. 2A). GST-CARMl 
bound aU three members of the pi 60 coactivator 
family. 

Because CARMl is homologous to pro- 
tein arginine methyltransferases (Fig. IB), we 
tested it for methyltransferase activity. Pro- 
tein arginine methylti^ansferases transfer a 
metliyl group from 5-adenosylmethionine to 
the guanidino group nitrogen atoms in argi- 
nine residues of specific proteins. In vitro 
protein substrates for these enzymes include 
histones and proteins involved in RNA me- 
tabolism such as hnRNPAl, fibrillarin, and 
nucleolin {II, 12). CARMl preferentially 
methylated histone H3, either in a bulk his- 
tone preparation or individually purified form 
(Fig. 3). The related mammalian enzyme pro- 
tein arginine (R) methyltransferase 1 (PRMTl) 
(75) preferentially methylated histone H4. 
Both enzymes also methylated individually 
purified histone H2A, but not H2A in. an 
unfractionated histone preparation. Proteins 
and s)aithetic peptides containmg arginine 
residues in glycine-rich regions, v^'hich were 
good substrates for PRA^Tl (72, 13), were 
methylated ver>' inefficiently by C.AR^41 {14), 



Because CARMl bound to the COOH-ter- 
minal region of GRIPl containing the AD2 
activation domain, we tested CARMl for its 
abihty to enhance the function of AD2. In 
transiently transfected CV-1 cells, GRlPlc 
(amino acids 1122 to 1462) was a relatively 
weak activation domain when fused with Gal4 
DNA binding domain (DBD); coexpression of 
CARMl enhanced the. activity of Gal4DBD- 
GRIPlc by up to 10-fold but had no effect on 
the activity of Gal4DBD (Fig. 4A). The activity 
level depended on the amount of Gal4DBD- 
GRDPlc and CARMl expression vectors trans- 
fected, and CARMl expression had little if any 
effect on the activity of Gal4DBD fiised to 
GRIPl5_765 or GRIPl563_,j2i, which contains 
ADl (15). Thus, CARMl's coactivator func- 
tion was specific for AD2 and correlated with 
its ability to bind GRlPlc. 

CARMl also enhanced GRIPl's coactiva- 
tor function for NRs. In transiently transfected 
mammalian cells, hormone-dependent activa- 
tion of reporter genes by androgen receptor, 
estrogen receptor, or thyroid hormone receptor 
was enlianced 2- to 27-fold by coexpression of 
GRIPl (Fig. 4B, columns a, b, and d). These 
activities were fuilher enhanced two- to four- 
fold by coexpression of CARMl with the NR 
and GRIPl (column e), and all of this activity 
was hormone-dependent (column f). However, 
in the absence of exogenous GRIPl, CARMl 
had little or no effect on the activity of tlie NR 
(column c). Similar results were observed when 
SRC-la was substituted. for GRIPl (75). Thus, 
although GST-CARMl bound weakly -to some 
NRs in vitro {I5\ the fact that CARMl's abil- 
ity to enhance NR acti\ity depended on coex- 
pression of exogenous GRIPl is consistent with 
a model whereby CARMl's functionally im- 
portant interaction with NTls is indirect, through 
a pi 60 coactivator. Expression of exogenous 
NRs presumably renders the levels of endoge- 
nous pl60 coactivators limiting, so that tlie 



effects of exogenous CARMl expression can 
only be observed when additional pi 60 coacti- 
vators are also expressed. Thus, CARMl acts 
as a secondary coactivator for NRs by binding 
to and enhancing tlie activity of primary pi 60 
coactivators. 

The presence of both protein methyltrans- 
ferase and transcriptional coactivator activi- 
ties in CARMl suggests that methylation of 
histones or other proteins, or both, may play 
a role in transcriptional regulation. As an 
initial test of this hypothesis, we mutated 
CARMl cDNA to substitute alanines for 
three amino acids, valine 189, leucine 190, 
and aspartic acid 191, located in the highly 
conserved region (Fig. IB) that is proposed to 
be important for 5-adenosylmethioiiine bind- 
ing and thus for methyltransferase activity 
(75). This mutation (VLD to AAA) com- 
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Fig. 2. Binding of CARMl 
to the COOH-temninal 
region of p160 coactiva- 
tors. GST fusion pro- 
teins of CARMl (A) or 



ACTR 



1— the GRIPl^ fragment 
(B) (23) produced in £. 
coli strain Bl-Zl (Strat- 
agene) were bound to 
glutathione-agarose beads and incubated with la- 
beled proteins translated in vitro from pSC5 vec- 
tors encoding GRIPl, GRIPl fragments, SRC-la, 
CARMl. or the CARMT VLD-to-AAA mutant (23), 
or from pCMX.ACTR (7); bound labeled proteins 
were eluted and analyzed by SDS-polyacrylamide 
gel electrophoresis (PAGE) as described (79). 
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pletely eliminated the ability of CARMl 
methylate histone H3 in vitro (Fig. 3). Ihe 
same mutation substantially reduced CARMl 's 
ability to enhance, transcriptional activation 
by Gal4DBD-GRIPlc (Fig. 4A) or by the 
estrogen receptor in the presence of GRIPl 
(Fig. 4B, colunui g). However, the mutant 
and wild-type CARMl were expressed at 
similar levels in transfected cells (75) and 
bound in vitro to GST-GRIP^ at similar lev- 



els (Fig. 2B). The correlated loss of the meth- 
yl transferase and coactivator activities sup- 
ports the hypothesis that CARMTs methyl- 
transferase activity is important for its coac- 
tivator function. 

Transcriptional coactivators are components 
in a signaling pathway that emanates from 
DNA-bound transcriptional activator proteins 
and results in local modification of chroma- 
tin structure and recruitment of a transcrip- 



a initiation complex to the promoter of a 
specific gene, pi 60 coactivators receive the 
activating signal through direct contact with 
DNA-bound NRs (2, 4-6) and transmit the 
signal onward through activation domains 
. ADl and AD2 (d, 7, 9), ADl binds CEP or 
pBOO, which serve as secondary coactiva- 
tors, at least in part by acetylating histones 
or other proteins, or both, in the transcrip- 
tion initiation complex (7, 9, 16). There is 
abundant evidence that modulation of chro- . 
matin structure by acetylation of histones 
plays an important role in transcriptional 
activation of specific genes and that histone 
deacetylation is connected with gene repres- 
sion (2, 5, 77). Our data suggest that the 
AD2 domain of pi 60 coactivators propa- 
gates an activating signal through CARMl. 
The coactivator function of CARMl correlated 
with CARMl's ability to bind the COOH- 
terminal domain of GRIPl and with its meth- 
yltransferase activity. While the in vivo pro- 
tein target of CARMl methyltransferase is 
unknown, this coactivator' s ability to methyl- 
ate histone H3 in vitro suggests a possible role 
for histone methylation in transcriptional ac- 
tivation. In vivo methylation of histones on 
botli lysine and arginine residues has been 
documented (77), and recent studies have in- 
directly suggested roles for protein methyl- 
ation in other cellular processes, including 
RNA processing and receptor-mediated sig- 
naling (77, 75). However, the specific meth- 
yltrarisferases, protein substrates, or roles 
played by methylation in these phenomena 
have not been detemiined. We propose that 
methylation of histone H3 or other proteins, 
or both, in the transcription initiation complex 
by CARMl may cooperate with protein acet- 
ylation by other coactivators to remodel chro- 
matin or otherwise activate transcription. 
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